The salmon industry is heavily dependent on wrasse for delousing infected fish. The goldsinny wrasse is numerically the most important, and each year, millions are harvested from the wild and transported large distances into fish farms. Population genetic knowledge is required to sustainably exploit this species. Here, 1051 goldsinny wrasses from 16 locations across Scandinavia, the British Isles, and Spain were genotyped with 14 microsatellite and 36 SNP markers. Within-population genetic diversity decreased towards north, and a genetic break was observed across the North Sea. Samples from Northern Norway differed from rest of the Scandinavian samples, and samples from the British Isles differed from the Spanish ones. Within Scandinavia, isolation-by-distance was detected. Observed genetic patterns fitted well with expectations derived from oceanographic drift simulations. A sample from mid-Norway deviated from these patterns however, and was genetically very similar to southern Scandinavian samples. We conclude that the population structure of this species is primarily determined by the opposing evolutionary forces of passive drift, limited adult migration and spawning-site fidelity, whereas the deviation in isolation-by-distance observed in mid-Norway is potentially caused by inadvertent translocations of wrasse from southern Scandinavia via current aquaculture practise. Inclusion of outlier loci gave greater resolution, suggesting that diversifying selection may also affect population structuring among goldsinny wrasses.
Introduction
Population genetic patterns are shaped by a complex interplay of historical events, species-specific traits, ecological processes, geographical features (e.g. Bradbury et al., 2008; Eldon et al., 2016) , and to an ever-increasing degree, anthropogenic impact (Micheli et al., 2013; Henriques et al., 2016) . Knowledge of these patterns and the processes underlying them are of vital importance for the sustainable exploitation of populations, and the conservation of V C International Council for the Exploration of the Sea 2017. This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/ licenses/by/4.0/), which permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited. However, there is emerging evidence that panmixia might be more of an exception than a rule even in the marine realm. It has been shown that: (i) hydrographic and biogeographical boundaries often create detectable genetic breaks or barriers (e.g. S a- Pinto et al., 2012; Blanco Gonzalez et al., 2016) , (ii) local adaptation is often observed (e.g. Berg et al., 2015; Jorde et al., 2015) , and (iii) very abundant species may show genetic sub-structuring (e.g. Benestan et al., 2015; Blanco-Bercial and Bucklin, 2016; Eldon et al., 2016) . Moreover, very small genetic differences can reflect biologically meaningful divergence (e.g. Purcell et al., 2006; Hemmer-Hansen et al., 2007; Knutsen et al., 2011) , and seemingly very similar species may show largely contradicting genetic patterns (e.g. Severance and Karl, 2006; DeFaveri et al., 2012) .
Wrasses (Labridae) are a large family of marine fish with over 500 described species worldwide. Within the North Atlantic, six species are present: cuckoo (Labrus mixtus), scale-rayed (Acantholabrus palloni), ballan (Labrus bergylta), corkwing (Sympholus melops), goldsinny (Ctenolabrus rupestris), and rock cook (Centrolabrus exoletus). Most of these species are small inshore reef-dwellers, and traditionally, have not been of economic interest nor exploited at large scale (Darwall et al., 1992) . However, due to the recent high demand for cleaner-fish to remove parasitic sea lice (Lepeophtheirus salmonis) from farmed Atlantic salmon (Salmo salar) and rainbow trout (Oncorhynchus mykiss), ballan, corkwing, goldsinny and rock cook wrasse are all now extensively harvested from the wild (Skiftesvik et al., , 2015 .
The use of cleaner fish within the aquaculture industry first started in Norway in 1988 and in different parts of the British Isles in [1989] [1990] (Bjordal, 1988; Darwall et al., 1992) . In 1997, 3.5 million wild-caught wrasses were used in Norway (most of these being goldsinnies; Gjøsaeter 2002); however, their use decreased in the period 1998-2005 due to the increasing reliance of the industry on chemotherapeutants for delousing farmed salmon. When the salmon louse started to develop resistance to delousing agents (Nilsen, 2008 ; see also Besnier et al., 2014) , the demand for cleaner fish skyrocketed and intensive capture of wild wrasses resumed around 2007 (Skiftesvik et al., , 2015 . Currently, $20 million wrasses are caught annually in Norway (Norwegian Directorate of Fisheries; www.fiskeridir.no).
With demand outstripping local supply of cleaner fish, it is common for wild wrasses in southern Norway and the adjoining Swedish coast (Gjøsaeter 2002; Svåsand et al. 2016) , to be transported over large distances (often !1000 km), and released into fish farms in mid-Norway. Some of these wrasses escape from seacages (Woll et al., 2013) , and once the salmon production cycle has ended, surviving wrasse may also be released into the surrounding sea. Thus, through current aquaculture practice, millions of wrasses are harvested and translocated great distances each year. Furthermore, despite dissimilar life-history strategies and population ecology (Darwall et al., 1992; Skiftesvik et al., 2015) , identical or very similar fishery restrictions have applied to all species of wrasse since 2011 in Norway. Another significant drawback in the management of wild wrasses is the lack of relevant population genetic knowledge of the individual species (but see Sundt and Jørstad, 1998; D'Arcy et al., 2013; Blanco Gonzalez et al., 2016) .
The goldsinny wrasse is the smallest of the wrasses used as cleaner-fish (<18 cm), and has the widest Atlantic distribution from Morocco to $68 north in Norway (Pollard, 2010) . Abundance is temperature-dependent (Darwall et al., 1992) , and population densities are much lower near the northern edge of the distribution (Sundt and Jørstad, 1998) . Together with corkwing, goldsinnies are the most numerous wrasse species in Norway and Sweden but there are large regional differences in their abundance (Gjøsaeter, 2002; Skiftesvik et al., 2015) . Male goldsinny wrasses occupy small ($2 m 2 ) permanent territories, which they defend during the reproductive season between April and September (Hilldén, 1984; Darwall et al., 1992) . Unlike other wrasses in the Northeast Atlantic, they do not build nests for reproduction or show parental care, but spawn pelagically. Most of the eggs sink to the bottom near-by, but it has been estimated that $10% of the eggs float (Hilldén, 1984) , and thus may be transported by currents.
High abundance and fecundity ($20 000 eggs/year/female) suggest that goldsinny wrasse could be somewhat resilient to exploitation (Darwall et al., 1992) . Furthermore, pelagic eggs could promote population connectivity over larger areas (compared with other wrasses that have demersal eggs; Skiftesvik et al., 2014) and buffer against local fishing pressure. On the other hand, the slow growth of this species (4-5 years to reach the minimum commercial size of 11 cm; Skiftesvik et al. 2014) combined with the high breeding-site philopatry (Hilldén, 1984) indicates that goldsinnies may be sensitive to overexploitation. The only population genetic study of goldsinny wrasses conducted so far was from the 1990s and using a limited number of allozyme markers. These studies reported significant differences between samples collected from southern and mid-Norway (Sundt and Jørstad, 1998) , and also between inner fjord and coastal samples (Sundt and Jørstad, 1993) .
Given the present exploitation of goldsinny wrasse for aquaculture, through extensive harvest in some regions, and inadvertent translocation to other areas, there is a pressing need to characterize the population structure of this species. Here, we used newly developed microsatellite and SNP markers (Jansson et al., 2016) to genotype over 1000 individuals from 16 locations along the north-eastern Atlantic coast. To our knowledge, this is the first genetic study of this species that includes samples from outside Norway, and also the first study post 1990s, since when the exploitation and translocation of goldsinny wrasses has increased sharply. We combined oceanographic modelling of pelagic life stages with genetic patterns to study the importance of the species (passive) dispersal ability.
Material and methods

Sampling and genotyping
In total, 1051 goldsinny wrasses were collected from 16 locations ( Figure 1, Table 1 ) along the species' North Atlantic distribution range: Norway (six sites, N tot ¼ 386), south-western Sweden (five sites, N tot ¼ 372), British Isles (three sites, N tot ¼ 173), and Galicia, north-west Spain (two sites, N tot ¼ 118). Samples from Scandinavia were collected in June-August 2014 (except for the GOT/VAR samples which were collected in June 2015), from the British Isles in June-August 2015, and from Spain during January-February in 2016. Fish were caught in coastal waters using fyke nets, pots (in Scandinavia and UK), and octopus traps (in Spain). All samples used were collected in compliance with EU Directive 2010/63/EU, and the national legislations in each country. Fish were killed upon catch and samples were taken immediately or killed and whole fish stored frozen until sampling in laboratory facilities.
Genomic DNA was extracted from fin clips stored in absolute ethanol using the Qiagen DNeasy Blood & Tissue Kit. Samples were genotyped using 17 microsatellite and 48 nuclear SNP markers developed for this species (Jansson et al., 2016) . Amplification conditions were identical to those described in Jansson et al. (2016) . Genotyping success for each locus and individual was monitored: a cut off value of !60% successful amplification (for all loci combined and for SNP and microsatellite loci separately) was used to accept or reject any locus or individual from further analyses.
Genetic analyses
Microsatellite loci were screened for null alleles, large allele drop outs and potential scoring errors with the software MICRO-CHECKER (v.2.2.3; van Oosterhout et al., 2004) . The frequency of detected null allele(s) was estimated with maximum likelihood method using the EM algorithm of Dempster et al. (1977) implemented in the software Genepop (v.4.3; Rousset, 2008) . In addition, to evaluate the effect of inclusion of possible null allele(s) containing loci on population differentiation estimates, the software FreeNA (Chapuis and Estoup, 2007) was used. This method gives uncorrected and corrected F ST values. Confidence intervals (95%) of null frequencies were based on 1000 bootstraps.
To test whether loci deviated from neutrality, outlier analyses were conducted for microsatellite and SNP datasets separately with LOSITAN (Antao et al., 2008) and BayeScan (v.2.1; Foll and Gaggiotti, 2008) . To avoid overrepresentation of Scandinavian samples in these tests, a subsample of 400 individuals was used (100 individuals from each area; Table 1 ). LOSITAN was run with the following settings: 50 000 simulations, 95% confidence interval, forced mean F ST , and with a 0.05 false discovery rate. A stepwise mutation model was used for the microsatellite dataset, whereas for SNPs the infinite model was used. Default parameter setting was used for the BayeScan run (prior odds 10, samples size 5000, thinning interval 10 000, pilot runs 20, pilot run length 5000, and additional burn-in 50 000), and the decision whether the locus was under selection was based on the magnitude of Bayes Factor (BF) as suggested by Jeffreys [1961; a log10(BF) >0.5 "substantial" evidence for selection, 1.5-2.0 "very strong" and >2.0 "decisive"]. The outlier tests were repeated three times for each marker type to check for consistency.
Genepop v.4.3 (Raymond & Rousset, 1995; Rousset, 2008 ) was used in exact tests for locus, population-wise and global HardyWeinberg expectations (HWE). Tests were based on the Markov chain method with 10 000 dememorizations, 20 batches, and 5000 iterations per batch. Global HWE tests across loci and populations were performed with Fisher's method. Possible linkage (LD) between all locus pairs in each population and over all populations was also tested with Genepop using the same MCMC settings as above.
Genetic diversity indices; expected/observed heterozygosity (H e /H o ), inbreeding coefficient (F IS ), number of alleles (A), and the number of effective alleles (N E ; for SNPs) were calculated with GenAlEx 6.5 Smouse, 2006, 2012) . To test whether the obtained F IS values deviated significantly from zero, corresponding 95% confidence intervals were calculated with software GENETIX (v. 4.05.2; Belkhir et al., 2004) based on 500 bootstraps. FSTAT (v.2.9.3; Goudet, 2001 ) was used to calculate allelic richness (A R ) for microsatellite loci and to compare genetic diversity (measured as allelic richness, and observed and expected diversity of microsatellite loci) between different areas (Table 1) . Probability values for comparisons were obtained from 500 permutations.
Pairwise genetic differentiation between all populations (F ST ; Nei, 1977) was calculated using GenAlEx 6.5. Probability for each F ST was calculated based on 9999 permutations. Because two types of markers were used in parallel and produced highly concordant results, no correction for within-population diversity (see Meirmans and Hedrick, 2011) was employed. To investigate spatial population genetic patterns further, two different individual-based clustering approaches were employed: a Table 1 .
Population genetics of goldsinny wrasse
Bayesian method using the software STRUCTURE (v.2.3.4; Pritchard et al., 2000; Falush et al., 2003) , and discriminant analysis of principal components (DAPC; Jombart et al., 2010) implemented in the ADEGENET package (v.1.4-2; Jombart, 2008; Jombart and Ahmed, 2011) in R (version 3.2.2; R Core Team, 2015) . To assess the most likely number of subpopulations (K), ten independent Structure runs for fixed K values from 1 to 5 were performed (no larger values of K were tested based on results from preceding short test runs; data not shown). The combined dataset including both classes of markers were used, and each run consisted of 1 000 000 MCMC replicates after an initial burn-in of 100 000 (enough to reach convergence). An admixture model was chosen, and the allele frequencies were assumed correlated. Runs were performed for the whole dataset (N ¼ 1051), as well as for Scandinavian (n ¼ 758) and non-Scandinavian (n ¼ 293) samples separately. Due to detected weak genetic differentiation within and outside Scandinavia (see Results), sampling locations were given as a priori for the separate runs (for inference of weak population structure, see Hubisz et al., 2009) . To assess the most likely number of clusters, the output from each run was analysed using the Evanno method (Evanno et al., 2005) implemented in STRUCTURE HARVESTER (Earl and vonHoldt, 2012) . Software CLUMPP (Jakobsson and Rosenberg, 2007) was used to average individual membership coefficients (Q) across the runs using the LargeKGreedy algorithm and G 0 pairwise similarity statistics. Next, the DAPC approach was employed. As this method does not make any assumptions regarding population genetic models, it may be more effective for identifying hierarchical structures and genetic clines (Jombart et al., 2010) . DAPC was performed for the whole dataset as well as for a dataset where outliers SNPs were removed. Successive K-means clustering was run with the "find.clusters" function with a maximum K set to 15. The value of BIC (Bayesian Information Criterion) decreased only subtly after K ¼ 2-4 (Supplementary Figure S1) suggesting that the most likely number of clusters is within this range. Based on pairwise F ST values and Structure results, the "dapc" function was executed using a grouping based on four main areas: North Scandinavia, Scandinavia, British Isles, and Spain (see Table 1 ) with 70 PC axes retained (explaining >80% of variation). This grouping was also used to test the power of re-assignment of individuals back to sampling localities. To evaluate the used grouping and to avoid over-fitting (i.e. using too many PCs), a crossvalidation approach with 10% of the data as a test data set was used. Based on cross-validation, the number of PCs was reduced to 50. Re-assignment was repeated with the leave-one-out procedure in software GENECLASS2 (Piry et al., 2004) using the same main areas as baseline populations (i.e. putative origins), Rannala and Mountain (1997) criterion for calculation, and a threshold of 0.05.
Instead of having clear hierarchical subunits, natural populations are often gradually differentiated in space due to limited dispersal (i.e. isolation-by-distance, IBD). This underlying pattern can lead to spurious results in cluster analyses (Frantz et al., 2009; Meirmans, 2012) . Geographic distance between approximate sampling locations (Table 1) was calculated as the shortest waterway distance, and the possible linear association between genetic and geographic distances was tested. First, a simple linear model was created, and if linear regression between parameters was confirmed, a Mantel test (Mantel, 1967) was performed in the software PaSSaGE (v.2; Rosenberg and Anderson, 2011) using 999 permutations.
The association between genetic structure and environment (temperature) was investigated using the spatial analysis method (SAM) described by Joost et al., (2007) . SAM calculates logistic regressions between all possible marker-environmental pairs and determines whether a model including an environmental variable is more informative than a model including only the constant.
The effect of temperature was tested using the mean annual seawater surface temperature, its standard deviation, as well as January and July temperatures as explanatory factors (all measures were averaged across several years, and the website http:// www.seatemperature.org was used as a source for all the variables; Table 1 ). A model was considered significant only if both G and Wald Beta 1 tests rejected the corresponding null hypothesis with Individuals with missing markers were purged due to the impossibility of computing the G test. The aforementioned analyses were restricted to the loci with a major allele frequency between 5 and 95% across the whole dataset.
Simulation of drift and connectivity among locations
Oceanographic drift modelling was used to predict population connectivity based on transport of pelagic eggs and larvae and to compare expected drift with the observed genetic connectivity patterns. The hydrodynamic model used is described in detail in Lien et al. (2014) , and the particle-tracking algorithms applied are similar to the methods in Vikebø et al. (2010) . The ocean current model used had a horizontal resolution of 4 km and applied 32 vertical, topography-following levels, and daily averaged model currents from 55 spawning seasons was used as input to the trajectory model. Due to data availability restrictions, Spanish sites were excluded from this analysis. The same number of particles (1400) was released from each of the 14 locations, all representing slightly offshore/exposed locations due to limitations of the resolution in the ocean current model. The floats were released every tenth day during pre-defined spawning periods, so that Scandinavian samples up to Bergen area ( Figure 1 ) had a time window from 31st of May to 10th of July, whereas for the rest of the samples the interval was set from 30th of June to 10th of August. Releases of floats followed a simple Gaussian distribution in time. An equal number of particles was released every meter between 1 and 7 m depth. Drift period was set to 25 d for all floats (Darwall et al., 1992) . The simulation was repeated over 55 spawning seasons, and connectivity matrices with standard deviations were constructed between locations. Connectivity patterns measured as expected passive drift between locations and observed genetic divergence were compared visually as well as with Mantel's test using 999 permutations with the software PaSSaGE.
Results
The final dataset consisted of 14 microsatellite and 36 SNP markers. Data validation steps are explained in detail in Supplementary Text File 1. Two of the SNP loci were identified as possible outliers (Locus4688_92 and Locus5704_64), and thus the subsequent analyses were performed with and without them. All 1051 samples were included, but for the separate analyses of the SNP and microsatellite datasets, 1036 and 1032 samples were acceptable, respectively. The amount of genetic variation across loci was highly variable: gene diversity (H e ) range for microsatellite loci was from $0.10 to almost 0.95, and for SNPs from $0.08 to 0.50 (Supplementary Tables S1 and S2) , whereas averaged H e estimates across populations were rather similar ranging from 0.63 to 0.68 for microsatellites, and from 0.35 to 0.38 for SNPs (Table  2 ). There was a general trend towards (slightly) positive F IS values, and a significant deficiency of heterozygosity was observed in three populations (VAR, IRE, and GAL_N) with microsatellites, and in another two with SNPs (STE and GOT). Decreasing genetic diversity towards north was observed ( 
Genetic differentiation and role of outliers
Overall, genetic divergence between populations was low to moderate (Table 3) , with the highest pairwise F ST values $0.05. However, some distinct genetic patterns were found irrespective the marker type used. First, Scandinavian populations were Table S4a ). Summer temperature, ranging between 10.8 (STE) and 18.3 C (VAR), correlated with markers Cru037_155, Locus5704_64_A, and Locus4263_1032_A. Thus, only two markers: Cru037_155 (microsatellite) and Locus5704_64_A (SNP) were found to correlate with temperature irrespective of the season. When restricting the data set to Scandinavia, no outliers were found for winter temperatures (ranging between 2.2 and 6.5 C). However, summer temperatures were linked to one allele (nucleotide A) in Locus5704_64. This marker was also found to be associated to mean annual temperature and its standard deviation (Supplementary Table S4b ). Interestingly, Locus5704_64 was also indicated to be under directional selection by BayeScan and LOSITAN.
Sub-structuring and reassignment
Individual cluster analyses gave concordant results to those based on population differentiation: a DAPC plot (Figure 2 ) using all markers showed clear distinction between populations across the North Sea. Moreover, divergence between the Spanish and British Isles samples was evident, as well as between the Northern Scandinavian and rest of the Scandinavian samples (with geographically intermediate populations from Flatanger and Bergen located in midway on the plot). When DAPC analysis was performed without the outlier loci, no population sub-structuring was found within Scandinavia (Supplementary Figure S2) , but distinction between the Spanish and British Isles populations became clearer.
The major dichotomy separating samples either side of the North Sea was also the main finding in the Structure analysis (Figure 3a ; with K ¼ 2, DK ¼ 2851.3), and represented the highest hierarchical level of population structuring. In separate runs for both groups, samples within and outside Scandinavia, K ¼ 3 led to highest mean LnP(K) and DK values (Supplementary Figures  S3b and c) suggesting three groups as the most plausible subdivision. However, inspection of the bar plots from these simulations (Figure 3b ) revealed subtle and more gradual differences (with asymmetrical individual assignments) than distinct clustering. Among Scandinavian samples, individuals from Northern populations (STE/BOD) displayed differing admixture proportions. Spanish populations were very similar to each other and different from the British Isles populations. Within the British Isles, Scottish samples had somewhat differing admixture proportions compared with the Ireland and South England samples.
Re-assignment of individuals into their putative areas of origin (N-SCA, SCA, BRI, and GAL; success rate ranging from 87.7 to 92.5% (Figure 4 ; see Supplementary Figure S4 for results of assignment on individual level). This indicates that genetic differences between the three main regions were large enough for robust genetic-assignment.
Comparison of genetic and waterway distances between sampling locations demonstrated that these parameters were correlated for both marker types (i.e. IBD, see Supplementary Figure  S5 ). In addition to a general association between genetic and Population genetics of goldsinny wrasse geographic distances, there were also region-specific patterns. IBD tests showed a strong linear positive correlation between genetic and waterway distances in Scandinavia. A linear model displayed a good fit (data not shown) and for SNPs (Figure 5 ), oceanographic distance explained $70% of the variation in genetic divergence (p < 0.001). Removal of outlier loci did not change the results (Supplementary Figure S6a) . For microsatellites, a similar but less clear pattern was observed, and the explanatory power of the model was lower ($50%; Supplementary Figure S6b ).
Seven population pairs within a distance of $1200-1500 km of each other displayed distinctly low differentiation ( Figure 5 ). All of these comparisons were between the sample collected from Flatanger in mid-Norway (Table 1) , and all sampling sites in Southern Scandinavia (i.e. populations south of Bergen). To test whether genetic differentiation was significantly lower than expected, a new independent IBD model without those seven comparisons was calculated (y ¼ 0.002797 þ 0.000007558x; r ¼ 0.9577; p < 0.0001). Based on the model, expected F ST -values for each of the seven distances were calculated with 95% confidence intervals (data not shown). In all cases, the observed value fell clearly (two-to threefold) below the lower CI bound indicating a significant deviation for these seven data points.
Oceanic connectivity modelling
Oceanographic drift simulations (Figure 6 ; see also Supplementary Figures S7 and S8a and b) showed that a high degree of connectivity via transport of pelagic egg and larvae is to be expected within Southern Scandinavia in the Kattegat and the Skagerrak area. The main transport pathway from the Skagerrak is from the south toward north (Supplementary Figure S8a) along with the Norwegian Coastal Current (NCC; Supplementary Figure S9 ). The NCC is likely to contribute with some northward drift to the Bergen area, then further from Bergen to Flatanger, and from Flatanger to Bodø and Tysfjorden. The northernmost sampling site in Tysfjorden is likely to have a very high selfretention rate (44 6 13% of drifting particles do not leave the area), but this area will potentially also receive some inflowing particles from the Bodø area. It is noteworthy that no (direct) drift is expected between mid-Norway and south-Scandinavia, and that among the sampling sites from the British Isles, only a minute amount of drifters is likely to flow from Ireland to Scotland. Any drift between Scandinavia and the British Isles is also unlikely to happen.
The genetic relationships among the sampling locations were strongly in agreement with the results from the drift model. Because no connectivity between Scandinavia and the British Isles was expected (Supplementary Figure S8a) , correlation tests between the observed genetic divergence and expected connectivity were restricted to Scandinavian samples only. Percentages of simulated unidirectional floats between sampling locations were combined (i.e. floats to/from between any specific location pair) into one matrix. Significant and from intermediate to rather strong negative correlation between the variables was confirmed (for SNPs: Z ¼ 4.38, r ¼ À0.482, t ¼ À2.27, p ¼ 0.004; for microsatellites: Z ¼ 143 326.28, r ¼ À0.653, t ¼ À3.52, p ¼ 0.001). . Re-assignment of individuals probabilities back to broader-scale sampling areas. Each bar represents samples from one area, British Isles (BRI), Galicia, Spain (GAL), Northern Scandinavia (N_SCA), and Scandinavia (SCA), whereas colour segments denote proportions where the individuals were assigned to with highest probability. Percentage shown in each bar is the proportion of correct assignments, i.e. to the same area where the samples originated from. 
Discussion
This is the first comprehensive study of population genetic structure in the goldsinny wrasse, a species heavily exploited in some regions through fishing, and translocated to other locations to serve as a cleaner-fish in salmon aquaculture. A large geneticbreak was revealed across the North Sea. This suggests a lack of direct genetic connectivity between Scandinavian (Swedish and Norwegian) and other European (British Isles and Spain) populations. Within these two regions, further population structuring was observed, and a trend towards reduced genetic variation was observed in samples collected from the northern areas. Although the goldsinny wrasse displays potentially dispersive planktonic egg and larval stages, we conclude that restricted adult movement, limited larval dispersal, spawning site fidelity, as well as other potential mechanisms limit genetic exchange within this species. Furthermore, the unexpectedly high genetic similarity between the sample from Flatanger in mid-Norway, which is an aquaculture intense region where goldsinny and other wrasses are routinely transported to, and samples from southern Norway/ Sweden where goldsinny and other wrasses are routinely harvested from and supplied to the aquaculture industry in midNorway, provides the first potential evidence of inadvertent mixing of genetically distinct stocks associated with the use of wrasse as cleaner fish in the aquaculture industry.
The major genetic break across the North Sea reported in this study for the goldsinny wrasse has previously been observed for both corkwing (Robalo et al., 2011; Knutsen et al., 2013) and ballan wrasses (D'Arcy et al., 2013; Quintela et al., 2016) , indicating that despite pelagic life stages, large areas of open deep water (the North Sea) can act as effective dispersal barriers for these species. The observation of lower genetic diversity in the Scandinavian goldsinny populations compared with more southern populations is also consistent with the results of studies of ballan and corkwing wrasses. Both above-mentioned patterns are probably shaped by historical events, namely (re-)colonization of species when the last glacial maximum ($21 kb; Lambeck et al., 2010) ended, and ice sheets covering the entire Scandinavia started to retreat quickly about 10-11 000 years before present. The following range shift towards north has left its traces on present-day population gene pools of various organisms via founder and bottleneck effects where only a limited number of individuals successfully colonized new areas (Hewitt, 2000; Coyer et al., 2003; M€ akinen et al., 2006) , or in some cases, survived and spread from the few remaining icefree areas (Parducci et al., 2012; Lagerholm et al., 2014) . Goldsinny wrasse displays a lower level of population-genetic divergence than another north-eastern Atlantic wrasse, corkwing. Although the measured F ST across the North Sea was on average 0.031/0.041 for goldsinny wrasse (for microsatellites/SNPs, respectively; Table 3 ), the corresponding estimate for corkwing wrasse was four-to fivefold higher, 0.159 (using nine microsatellite loci; Knutsen et al., 2013) . Also, the reduction of genetic diversity in Scandinavia reported for corkwing (!30% microsatellite variation lost compared with British Isles populations; Knutsen et al., 2013) , and ballan wrasse (150 alleles were found among 89 samples from Galicia, Spain vs. 115 among 241 samples from Norway; Quintela et al., 2014 Quintela et al., , 2016 was much less pronounced in the case of goldsinny wrasse: mean gene diversity was only $4% and allelic richness $6% lower in Scandinavia compared with the British Isles samples (Table 2 ). These differences are likely due to the differences in breeding ecology between these species. Although other wrasse species spawn in nests and have benthic eggs, the goldsinny wrasse has planktonic eggs (Darwall et al., 1992) . Even though only a very small portion of these eggs would be flushed offshore (Hilldén, 1984) and carried away by currents, more effective dispersal and higher connectivity between (nearby) populations would be expected compared with the other wrasse species, which have stationary eggs and only larvae are pelagic. Parallel comparisons of fish species with differing duration of pelagic life stage have shown that species with longer pelagic stages generally show less population sub-structuring (e.g. Purcell et al., 2006; Young et al., 2015) .
An extended pelagic phase can help to override unsuitable habitats, colonize new areas, and expand distribution area. The goldsinny wrasse inhabits inshore habitats with rocks and vegetation (Darwall et al., 1992) , whereas sandy habitats may not be able to hold viable wrasse populations (Knutsen et al., 2013) . Extensive sandy areas around the Jaearen and Lista in southwestern Norway were recently suggested to act as a dispersal barrier for corkwing wrasse (Blanco Gonzalez et al., 2016) , separating western and southern Norwegian populations. This study did not include samples close to this area, but surrounding sampling points further away (BER/FLO; Table 1 ) showed low and nonsignificant divergence (F ST ¼0.0051/0.0082 ; Table 3 ) suggesting that at least such rather short ($26 km; Blanco Gonzalez et al., 2016) habitat discontinuities are insufficient to create genetic barriers between goldsinny wrasse populations.
Oceanographic drift models of passive dispersal have often proven relatively good predictors of (genetic) connectivity in marine fish (e.g. Coscia et al., 2013; Knutsen et al., 2013; Teacher et al., 2013) . This was also the case for the goldsinny wrasse in this study. Here, based on the simulated passive dispersal, a very high level of connectivity among sampling locations within southern Population genetics of goldsinny wrasse Scandinavia was expected. This was corroborated by the genetic data from both SNPs and microsatellites. Furthermore, the northernmost Scandinavian populations (BOD/STE) were genetically distinct, as predicted by the drift model, and mid-Norwegian samples (FLA/BER) were intermediate with some significant pairwise comparisons (Table 3) . At least on a coarse coastal scale, the amount and direction of connectivity between goldsinny populations in Scandinavia is thus largely influenced by the Norwegian Coastal Current (Supplementary Figure S9) , which has created the observed IBD pattern. On the contrary, even though there is a minor coastal flow around the British Isles, strong tides dominate the currents back and forth so that drifters are expected to spread more multi-directionally and not very far (Supplementary Figure  S7) . The drift model suggested some connectivity between Ireland and Scotland (but not between the other locations), which did not have significant genetic differentiation from each other. Small but significant differentiation between Southern English and Scottish samples was observed, but not between Irish and Southern English ones (Table 3) . These somewhat contradictory results may be due to sampling gaps (see Selkoe and Toonen, 2011) ; with only three population samples collected from the British Isles, the true connectivity is likely underestimated if and when dispersal takes place predominantly between nearby locations in a stepping stone manner.
Historical events and passive drift are likely to have played a major role in shaping the observed population genetic structure among present-day goldsinny populations. However, the possibility of other forces being involved cannot be ruled out. First, it is possible that human-mediated gene flow via transport of goldsinnies to fish farms from south Scandinavia to West-Norway, which has been on-going for more than two decades (Sundt and Jørstad, 1998) , may have decreased genetic divergence. Indeed, the level of genetic differentiation between Flatanger (one of primary recipient areas for translocations due to scarcity of wrasses locally) and southern Scandinavian sampling sites (i.e. source areas) was lower than expected ( Figure 5 ), which indicates that this may have already occurred. However, because the general level of genetic differentiation was so low in Scandinavia, robust re-assignment that could give direct evidence of introgression was not feasible with the used marker set (except for distinguishing the northernmost samples; Figure 4) . Second, selection might also play a role shaping population genetic patterns of goldsinny wrasse. Two SNPs were detected as outliers and their inclusion clearly increased population-genetic resolution within Scandinavia. In addition, one SNP was correlated with some key temperature variables across the study region. Outlier loci have repeatedly come in useful to delineate marine population structures (e.g. Teacher et al., 2013; HemmerHansen et al., 2014; Candy et al., 2015) , but their true biological significance can be hard to disentangle. For instance, if gene flow is reduced due to geographic distance but at the same time important environmental factor(s) (see Riginos et al., 2016) forms a parallel gradient, consequent genetic patterns will be similar (Orsini et al., 2013) . "Allele surfing" during population expansion can also mimic positive selection patterns by creating allele frequency clines (Excoffier and Ray, 2008) , and further complicate interpretation of detected genetic structures. We observed a congruent strong pattern of IBD (r¼ 0.709-0.841) within Scandinavia irrespective of the marker set used. Northernmost populations formed a separate genetic unit but to determine whether this is merely a matter of distance and neutral processes or also linked to adaptation to e.g. lower temperatures, needs further investigation.
It is noteworthy that, because sampling in this study was restricted to coastal areas only, possible additional genetic substructures, e.g. inside extensive and highly heterogeneous fjord systems within Norway would go undetected. In previous studies using allozymes, Jørstad (1993, 1998) reported significant genetic differentiation of goldsinny wrasse within fjords. Regional genetic structuring has also been reported for corkwing wrasse (Blanco Gonzalez et al., 2016) : besides the abovementioned major break due to the sandy area, a moderate IBD along the west coast and genetically fairly homogeneous southern population structure were detected. Similar observations from this study imply that this pattern-high homogeneity in south and gradual increase of genetic differences along the west coastmight be of more general phenomenon among Norwegian coastal fishes, and that the strength of this structuring would be determined by species-specific dispersal capabilities.
From a sustainable management point of view, the ongoing long-range aquaculture-related translocations of goldsinny wrasse from Sweden and southern Norway, to the west of Norway, may be questioned. First, transportation poses a threat of pathogen transmission between areas, and between wild and cultured fish (e.g. Treasurer, 2012; Wallace et al., 2015) . Second, transportation and subsequent (inadvertent) release enables gene flow between translocated and local populations, which can be detrimental. For instance, if fish stocks are locally adapted, maladapted genes can spread through introgression endangering the local populations (e.g. Laikre et al., 2010) . Third, local overexploitation may deplete source populations into a level where genetic stochasticity and risk of extinction increase considerably.
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